Recent studies have suggested that GnRH agonists (GnRHags) protect ovarian function following chemotherapy. Here, we study the effect of a combination of GnRH antagonist (GnRHan) and GnRHag for gonadal protection from gonadotoxic chemotherapy in adolescent female rats. Cycling Sprague Dawley rats were treated at adolescent age. Thirty female rats were randomized to 5 treatment groups (n ¼ 6/group): (1) placebo, (2) cyclophosphamide (CPA) alone, (3) GnRHan followed by GnRHag with placebo, (4) GnRHan followed by GnRHag with CPA, and (5) GnRHag with CPA. The main outcome measure was live birth rate (LBR), and secondary measures included rat weight, ovarian volume, and follicles. Group 2 had decreased LBR compared to all other groups. Group 4 and 5 had LBR similar to placebo. There was no difference in the ovarian volume. The CPA-alone group had decreased number of antral follicles compared to control. These studies demonstrate that the combination of GnRHan and GnRHag and GnRHag alone preserved fertility in female adolescent rats following gonadotoxic chemotherapy treatment. The addition of a GnRHan to a GnRHag does not confer a greater protective effect.
Introduction
Approximately 40,000 adolescents and young women are diagnosed with cancer each year. Due to advances in treatment, their survival rate exceeds 80%, but chemotherapy can have long-term effects on ovarian function. 1 This is important because ovarian function affects bone health, quality of life, and fertility. Agents most likely to affect ovarian function include alkylating agents like cyclophosphamide (CPA), which is commonly used for adolescent chemotherapy. Due to the complex nature of cancer treatments with multiple protocols, it is difficult to predict an individual's ovarian risk during treatment for their cancer. Currently, the options for fertility preservation include embryo and oocyte cryopreservation, ovarian tissue cryopreservation, and GnRH suppression. 2 Oocyte cryopreservation is being used by more young single women, but it is an expensive and time-sensitive option. 3 Recent studies have suggested that GnRH agonists (GnRHag) protect ovarian function following chemotherapy. 4, 5 The theory, albeit controversial, is that inhibition of the pituitary ovarian axis may decrease early follicular development and prevent the gonadotoxic effects of the chemotherapy. A theoretical concern with the GnRHag is the ''flare effect.' ' 6 This initial increase in gonadotropins with a GnRHag has the potential to promote folliculogenesis and increase the ovary's vulnerability to the chemotherapy. To obviate the potential adverse ''flare effect,'' we studied the effect of adding a GnRH antagonist (GnRHan) to a GnRHag on live birth rates (LBRs) in a chemotherapy-treated adolescent rat model. 7
Material and Methods

Animals
This study was approved by the Institutional Animal Care and Use Committee at the University of Texas Health Science Center at San Antonio. At 5 weeks of age, 30 Sprague Dawley rats were examined for estrous cyclicity. Starting at the age of 6 weeks, cycling rats were randomized to 5 different treatment groups-(1) placebo, (2) CPA alone, (3) GnRHan followed by GnRHag with placebo, (4) GnRHan followed by GnRHag with CPA, and (5) GnRHag with CPA. Cyclophosphamide (6 mg/kg; Sigma-Aldrich, St. Louis, Missouri) was administered intraperitoneally (IP) daily for 3 weeks as previously described. 8, 9 The placebo group received the same volume of phosphate-buffered saline IP. The GnRHan, cetrorelix acetate (25 mg/d IP; Sigma Aldrich), and leuprolide acetate (2.5 mg subcutaneously; Sigma Aldrich) were administered daily in respective groups. The GnRHag was begun on the third day of GnRHan treatment when used in combination or 3 days prior to start of the chemotherapy when used alone. One week after treatment completion, cyclicity was assessed and rats were mated during the second estrous cycle. Pups were counted on the day of birth.
The primary outcome was LBR. Secondary measures included estrous cyclicity, fertility, number of follicles, and corpus luteum. Weights were recorded weekly during and after treatment. Pregnancy rates were recorded. At 7 days of life, the number and weight of the offspring were documented. Ovaries were removed 7 days postpartum.
Tissue Processing
The ovaries were fixed in paraffin. Four random samples were taken from 5-mm serial sections and stained with hematoxylin and eosin. The number of primordial-primary, preantral, antral, and corpus luteum were assessed by blinded examiners as previously described. 8 
Statistical Analysis
Results were analyzed with the software Prism version 6.0 (GraphPad, La Jolla, California). Data were normally distributed and therefore expressed as mean + standard error. Live birth rate differences between individual groups were calculated by w 2 . Statistical analysis was performed by Student t test or analysis of variance where appropriate. A P < .05 was considered statistically significant.
Results
Chemotherapy-treated rats experienced a statistically significant decrease in weight during and after completion of treatment. One week after treatment, all CPA-treated groups recovered to weights similar to groups not receiving CPA ( Figure 1 ). The CPA group had a decreased LBR compared to all other groups. There was no difference in LBR in placebo compared to the combined GnRHan and GnRHag group with placebo. The combined GnRHan and GnRHag group receiving CPA had increased LBR compared to CPA alone. The GnRHag alone receiving CPA also had increased LBR compared to CPA alone and was not different than placebo. There was no difference in LBR in the combined GnRHan and GnRHag group receiving CPA and the GnRHag with CPA ( Figure 2) .
The placebo and combined GnRHan and GnRHag with placebo groups continued with 100% estrous cyclicity. Cyclicity in the CPA group decreased to 66% and in both GnRHag with CPA and combined GnRHan and GnRHag with CPA groups to 83%. Average liter sizes did not differ between groups. The average liter sizes in each group of rats having live births were 13.2 + 0.7, 11 + 2.5, 14.7 + 0.7, 12.8 + 2.7, and 12.3 + 1.6 in the placebo, CPA, combined GnRHan/GnRH ag with placebo, combined GnRHan/GnRHag with CPA, and GnRHag with CPA groups, respectively. There was no difference in the average weight of pups between groups (P ¼ .33).
Postpartum ovarian volume and histology are shown in Figure 3A and B . There was no significant difference (P ¼ .86) in combined average ovarian volume among groups. There was no difference in the numbers of primordial-primary, preantral, or corpus luteum in postpartum groups. The postpartum CPA group had decreased number of antral follicles compared to control (1.8 vs 4.2; P ¼ .02). 
Discussion
Our study confirms the previous findings that GnRH analogs protect against chemotherapy-induced gonadotoxicity in female rats. The addition of a GnRHan to a GnRHag did not improve LBR compared to the GnRHag alone receiving CPA. Our study is novel in that (1) we assess the addition of a GnRHan to obviate the ''flare effect'' of the GnRHag in murine model examining LBR as the primary end point, and (2) no prior studies have assessed the chemoprotective effect of GnRH analogues in adolescent rats.
Inhibition of the hypothalamic-pituitary-ovarian axis, through GnRH signaling, should diminish folliculogenesis and theoretically decrease susceptibility of the germinal epithelium to gonadotoxic chemotherapy. 10 GnRH agonists have been shown to protect primordial follicles in a murine model. 11 GnRH agonists have also been shown to improve implantation rates in chemotherapy-treated female rats. 12, 13 The literature is controversial regarding ovarian protection by GnRHag in humans, but recent studies have supported their use. 4, 5 GnRH agonists create a ''flare effect'' that increases gonadotropins and stimulates folliculogenesis. In theory, the combination of GnRHan and GnRHag should increase LBR compared to the GnRHag alone due to prevention of the ''flare effect.'' However, our study showed no additional benefit of the combination of GnRHan/GnRHag compared to GnRHag alone.
Studies using a GnRHan for fertility preservation are limited. Meirow et al concluded that the use of cetrorelix decreases the loss of primordial follicles caused by CPA. 14 Danforth et al did not find a protective effect when assessing the primordial follicle population in female mice subjected to a single dose of CPA and GnRHan. 15 In an adult murine model, Lemos et al showed that administration of a GnRHan had a protective effect on fertility of rats undergoing chemotherapy with CPA. 8 Li et al showed that the combination of GnRHag with a GnRHan completely prevented the ''flare effect'' and enhanced protection of the ovarian follicles from cisplatin-induced gonadotoxicity in a murine model. 7 There have been a few small human studies with the GnRHan alone or the combination with GnRHag. [16] [17] [18] The GnRHan alone showed improvement in the return to menses in 14 of 15 women treated with CPA. 17 In a pilot study of the combination of GnRHan and GnRHag, 8 of 9 young women resumed menses and 2 conceived. 16 In a recent, open-label, randomized controlled trial with 50 women, return of menstruation at 1 year was not different in those receiving GnRHan with GnRHag with chemotherapy as compared to those receiving chemotherapy alone, in the early treatment group. In this study, live births were not assessed. 18 Our study adds the novelty of using adolescent rats, which is an unexplored aspect of translational research. Previous studies confirm the rats are considered sexually mature adolescents at 6 weeks of age. 19, 20 In our study, the LBR was higher than expected in the chemotherapy-alone group when considering prior studies in adult rats. 9, 12 The chemotherapy-treated groups did lose weight compared to placebo, which confirms the systemic effects of CPA. The ovarian weight did not differ in postpartum groups, which is consistent with a prior study. 8 Also, as in previous studies, the antral follicles were less in the CPA group compared to control, but no difference was seen in the other follicles. 13, 21, 22 We showed some chemotherapyinduced gonadotoxicity in our adolescent rat model but not to the same degree reported in adult rats. This observation is consistent with human studies, suggesting ovarian damage in adolescents requires a higher dose of chemotherapy. 23 In conclusion, the combination of GnRHan and GnRHag with CPA preserved fertility compared to CPA alone but was not more protective than the GnRHag alone. More research is needed on the mechanisms of action of the GnRH analogs for fertility preservation, with translational application for fertility preservation in the adolescent population. 
